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A FEASIBILITY STUDY O F  A COMMUNICATIONS SATELLITE 

FOR DEEP-SPACE MONITORING 

By George W. Clemens, Jr., Alfred C .  Mascy, 
and Duane W. Dugan 

NASA Headquarters 
Moffett Field,  C a l i f .  

The advantages and f e a s i b i l i t y  of using a s i n g l e  Earth-orbi t ing s a t e l l i t e  
t o  serve pr imari ly  as a communications r e l a y  between Earth and space veh ic l e s  
on in t e rp l ane ta ry  missions are examined. Possible  advantages over ground- 
based antennas f o r  t h i s  purpose are shown t o  include g r e a t e r  information r a t e  
and/or reductions i n  s i z e  and weight of communications equipment and of power 
suppl ies  on board i n t e r p l a r x t a r y  spacecraf t ;  continuous t r ack ing  of and commu- 
n i c a t i o n  with deep space veh ic l e s  by means of only one o r b i t i n g  s t a t i o n  r a t h e r  
than by mult iple  pound-based antennas; and immunity t o  weather, atmospheric 
noise,  and ionospheric dis turbances.  I n  addi t ion,  such an  antenna could serve 
as a navigat ion beacon for r e tu rn ing  manned vehicles ,  as a system for c a l i b r a t -  
ing Earth-based r a d i o  f a c i l i t i e s ,  and as a f a c i l i t y  f o r  radio-  and radar-  
astronomical observations, f o r  t h e  search of g a l a c t i c  i n t e l l i gence ,  and f o r  
r a d i o  frequency s tud ie s .  

A sample app l i ca t ion  of t h e  concept t o  a t y p i c a l  manned mission t o  Mars 
i s  made i n  order t o  assess i t s  f e a s i b i l i t y .  Included i n  t h e  inves t iga t ion  ol’ 
problems inherent i n  t h e  use of an Earth-orbi t ing s a t e l l i t e  as a conrmunicn- 
ticms r e l a y  s t a t i o n  a r e  o r b i t  s e l cc t ion ,  a t t i t u d e  con t ro l ,  nnttmna rel’ lector  
s t ructuncs,  cyuiprncnt-modulc structure, puwc’r supply, micrometcroid and radia- 
t i u n  shicldini;,  propulsion systems, l o g i s t i c s  support, and launch-vehicle 
rcyuii*erilrnts . 

Resul ts  oi‘ t h c  study i n d i c a t e  t h a t  none oi’ t h e  problcms examined i n  t h e  
sample app l i ca t ion  appcars t o  preclude the  r e a l i z a t i o n  o f  advantages c i t e d  f o r  
an o r b i t i n g  communications r e l a y  s t a t i o n .  Areas i n  which f u r t h e r  study and 
research would be particul.arly advantageous t o  t h e  implementation of t h e  sub- 
j e c t  concept a r e  defined i n  t h e  study. 

INTRODUCTION 

Missions, manned or  unmanned, t o  other planets  of t h e  s o l a r  system 
prcsent severe corrmunication problems. The dis tances  over which transmission 
of information must be made are very la rge ,  s o  t h a t  on-board power require-  
ments t end  t o  be high and communications equipment l a r g e  and heavy. I n  addi- 
t i o n ,  mission durat ions are on t h e  order of years, s o  t h a t  maintenance of 



continuous t racking  of and c o m i c a t i o n  with in te rp lane tary  vehicles  becomes 
of concern, p a r t i c u l a r l y  s o  i n  t h e  event of concurrent missions. 

Current so lu t ions  t o  these  problems involve t h e  construct ion of a number 
of la rge  ground-based antennas spaced around t h e  Earth at i n t e r v a l s  of approx- 
imately 120' i n  longitude. 
deep-space t racking  and communications as explorat ion of t h e  so l a r  system i s  
broadened, it i s  believed t o  be worthwhile t o  consider a l t e r n a t i v e  o r  
supplemental methods of meeting such demands. 

I n  view of t h e  expected increase i n  demands on 

The purpose of t h i s  study i s  t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of providing 

The p o s s i b i l i t y  of employing transmission frequencies much 
continuous communication with in te rp lane tary  spacecraf t  by t h e  use of an Earth- 
o r b i t i n g  antenna. 
higher when outs ide t h e  Ear th ' s  atmosphere than  when within it o f f e r s  a number 
of advantages not a v a i l a b l e  t o  ground-based systems. These advantages include 
increases  i n  information r a t e  and/or savings i n  vehicle  weight. Likewise, t h e  
p o s s i b i l i t y  of u t i l i z i n g  t h e  n a t u r a l  precession assoc ia ted  with s a t e l l i t e  
o r b i t s  about an obla te  planet  t o  prevent occul ta t ion  while t racking  interplan-  
etary vehicles  f u r t h e r  i n v i t e s  examination of t h e  concept. 

The scope of t h e  study included manned appl ica t ions  with corresponding 
l o g i s t i c  support f o r  maintenance, replenishment, and r e l i a b i l i t y .  However, it 
w a s  found that t h e  increased weight ( c h i e f l y  of sh ie ld ing)  t o  pro tec t  manned 
operations required t h e  use of one or  more Saturn V launch vehic les  t o  accom- 
p l i s h  t h e  mission. Since manned operations do not enhance t h e  bas ic  comuni-  
ca t ion  c a p a b i l i t y  of t h e  system, t h e  r e s u l t s  of t h e  r e l a t e d  s tudies  a r e  not  
included i n  t h e  t e x t  although the  f igu res  and t a b l e s  r e t a i n  some of t h i s  infor-  
mation f o r  reference.  

I n  t h e  following sect ions,  advantages of employing the  high transmission 
frequencies permissible outside t h e  t e r r e s t r i a l  atmosphere a r e  examined i n  
terms of information r a t e  and power requirements of a mission vehicle .  Next 
a r e  considered t h e  problems associated with maintaining continuous comunica- 
t i o n  with vehicles  on in te rp lane tary  missions by means of an Earth-orbi t ing 
antenna. These problems include the  s e l e c t i o n  of a s a t e l l i t e  o rb i t  which pro- 
vides,  i n  a near ly  optimal manner, t h e  precession r a t e s ,  inc l ina t ions ,  and 
a l t i t u d e s  required i n  a given appl ica t ion  with r a d i a t i o n  hazards taken i n t o  
account. Other sec t ions  d e a l  with a t t i t u d e  control;  propulsion s y s t e m ;  
antenna configurat ions and t h e i r  construction; equipment module configurations 
and construction; power supply; micrometeoroid and r a d i a t i o n  shielding; and 
launch-vehicle requirements. 

Two possible  types of orb i t ing  communications s t a t i o n  a r e  considered. 
These a re :  
spacecraf t  a r e  received, stored, processed,and relayed t o  Earth s t a t ions  on 
cormnand (command s igna ls  t o  the  vehicles  and t o  t h e  s t a t i o n  would be t ransmit-  
t e d  by se lec ted  ground s i t e s ) ;  ( b )  an unmanned t ransmi t te r - rece iver - re lay  sta- 
t i o n  i n  which a t r a n s m i t t e r  funct ion i s  included t o  r e l a y  cormnands and 
information from Earth t o  spacecraf t .  

(a)  a receiver-relay system i n  which da ta  from in te rp lane tary  
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.POSSIBLE ADVANTAGES OF USING AN ORBITING ANTENNA 

One severe cons t ra in t  on t h e  se l ec t ion  of r ad io  frequencies f o r  
continuous communications between ground-based f a c i l i t i e s  and deep-space vehi- 
c l e s  i s  imposed by t h e  t e r r e s t r i a l  atmosphere. Above t h e  atmosphere, a much 
wider range of f requencies  i s  ava i l ab le  f o r  appl ica t ion  t o  space-to-space com- 
munications. A simple example w i l l  serve t o  point  out some possible  advan- 
tages  inherent i n  t h e  use of f requencies  higher than those cur ren t ly  used i n  
t h e  DSLF.  

Consider two communications l i nks  both between a deep-space vehicle  and 
Earth-orbi t ing f a c i l i t i e s  which a re  i d e n t i c a l  except f o r  t h e  frequencies 
employed. One form of t h e  bas ic  equation governing a communications l i n k  i s  

where 

PTJPR 

%yKR 

b y A R  

R 

f 

c 

t ransmit ted and received power 

t ransmi t t ing  and receiving antenna design constants 

a c t u a l  areas of t h e  t r ansmi t t i ng  and receiving antennas 

range or dis tance  between t ransmi t t ing  and receiving antennas 

frequency 

speed of l i g h t  

With the  assumption t h a t  one l i n k  operates a t  2293 MHz (frequency adopted f o r  
DSIF) and the  second a t  10,000 MHz, a number of comparisons between t h e  t w o  
l i nks  can be made with t h e  a i d  of equation (1). 
t ransmi t ted  power from t h e  spacecraf t  antenna, t h e  power received a t  t h e  Earth- 
based rece iver  employing t h e  10,000 MHz frequency i s  near ly  19 times t h a t  
received a t  t he  antenna operat ing a t  2295 MHz. From other  po in ts  of view, if 
t h e  power received i s  f ixed  a t  some leve l ,  and i f  t h e  higher frequency system 
i s  used i n  place of t h e  lower frequency system, then t h e  t ransmi t ted  power 
required could be reduced 19-fold, t h e  information r a t e  increased 19 times, 
t h e  l imi t ing  range increased by a f a c t o r  of 4.36, or t h e  spacecraf t  antenna 
diameter reduced 4.36 t imes.  
advantages would l i k e l y  be made. In  any case, t h e  use of p r a c t i c a l  frequen- 
c i e s  in t h e  X- (5.2-10.9 G H z ) ,  K- (10.9-36 G H z ) ,  and Q (36-46 GHz) communi- 
ca t ion  bands above t h e  atmosphere can cont r ibu te  s i g n i f i c a n t l y  t o  reducing 
in te rp lane tary  vehic le  weights and increasing information r a t e s  over those now 
possible  with frequencies  cu r ren t ly  used by t h e  ground-based f a c i l i t i e s .  
Associated with t h e  use of higher f requencies  i s  t h e  reduct ion i n  beamwidth. 
This narrowed beam increases  t h e  requirement f o r  point ing accuracy. A 
de t a i l ed  study i s  required t o  assess t h e  ove r -a l l  e f f e c t s  of narrow beamwidth 

For example, with a given 

I n  prac t ice ,  a combination of t h e  foregoing 
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but i s  not  included in t h i s  discussion. Addit ional  b e n e f i t s  may a l s o  be r e a l -  
ized from an increase in ef f ic iency  of operation a t  t h e  higher frequencies,  
and from reduced weight and volume of high-frequency components. Other advan- 
tages  which r e s u l t  from operating a comunica t ions  s t a t i o n  above t h e  t e r r e s -  
t r i a l  atmosphere are discussed i n  reference 1. 
freedom from much of t h e  noise  generated within t h e  atmosphere and by the  warm 
Earth.  Absence of atmospheric weather a l s o  eases  s t r u c t u r a l  and maintenance 
problems. 

Chief among these  i s  t h e  

Although intended pr imari ly  as a l ink  i n  comunica t ions  between Earth and 
vehicles  on in te rp lane tary  missions, an o r b i t i n g  communications f a c i l i t y  prop- 
e r l y  modified could serve possibly other  u s e f u l  purposes when not otherwise 
employed. Among t h e  observations and appl ica t ions  which might benef i t  from 
t h e  c a p a b i l i t y  of a properly or iented o r b i t i n g  antenna f o r  near ly  continuous 
survei l lance a r e  t h e  following: r a d i o  and radar  astronoqy; radio-frequency 
inves t iga t ions ;  search f o r  g a l a c t i c  in te l l igence ,  where continuous observation 
i s  invaluable ( see  r e f .  2);  c a l i b r a t i o n  of ground-based r a d i o  f a c i l i t i e s ;  and 
a navigat ional  beacon t o  a i d  deep-space spacecraf t  re turn ing  t o  Earth.  

Apart f r o m t h e  advantages and b e n e f i t s  a l ready  discussed, t he re  i s  one 
p a r t i c u l a r  f e a t u r e  which alone might make the  concept of an orb i t ing  deep- 
space communications s t a t i o n  worthy of considerat ion.  This i s  t h e  p o t e n t i a l  
c a p a b i l i t y  of a s ing le  o rb i t i ng  s t a t i o n  t o  perform t h e  funct ion of continuous 
monitoring of i n t e r p l a n e t a r y  f l i g h t s  which p r e s e n t l y  requi res  multiple ( t h r e e  
or more) ground-based s t a t i o n s  of t h e  D S I F  network. 
could more e a s i l y  be c a r r i e d  out i f  both t h e  DSIF and an independent o rb i t i ng  
comunications s t a t i o n  were ava i lab le  f o r  required t racking and recording of 
da ta  from mult iple  spacecraf t .  

Concurrent space missions 

FEASIBILITY ANALYSIS 

In  t h i s  port ion of t h e  study, a number of f a c t o r s  r e l a t e d  t o  the  use and 
operation of an Earth-orbi t ing r a d i o  s t a t i o n  f o r  deep-space communications a r e  
investigater3.l 
whether t he re  a r e  any insurmountable problems which would preclude the  imple- 
mentation of t h e  concept; second, it i s  bel ieved u s e f u l  t o  define problem 
areas  in which f u r t h e r  work and research a r e  needed. 

The purpose here i s  twofold: f i r s t ,  it i s  e s s e n t i a l  t o  h o w  

The f i rs t  aspect  of t h e  subject  concept t o  be discussed concerns the  
s e l e c t i o n  of o r b i t s  f o r  t h e  r e l a y  s t a t i o n .  The o r b i t a l  cha rac t e r i s t i c s  of 
i n c l i n a t i o n  and a l t i t u d e  are important s ince  they  can a f f e c t  t he  amounts of 
weights required f o r  rad ia t ion  sh ie ld ing  of s e n s i t i v e  e lec t ronic  components 
and/or f o r  propulsion i f  used t o  modify t h e  o r b i t  during t h e  appl ica t ion  of 
t he  communications s t a t i o n  t o  a given deep-space mission. 

- -  .- - - -  __ - 
%he following acknowledgements a r e  made f o r  preparat ion of ce r t a in  

sect ions of t h i s  study: Mr. John A. Wyss, antenna s t ruc tures ;  Mr. Joseph L. 
Anderson, equipment module; M r .  J. Michael Coogan, r a d i a t i o n  shielding; and 
M r .  Robert E .  Slye, launch-vehicle c a p a b i l i t i e s .  
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The o r b i t a l  c h a r a c t e r i s t i c s  found f e a s i b l e  f o r  t h e  example mission a r e  
then used as a basis f o r  es t imat ing requirements f o r  a t t i t u d e  control .  
Antenna s t r u c t u r a l  problems a r e  examined next .  I n  turn, a t t e n t i o n  i s  given t o  
t h e  equipment module, t h e  power supply, micrometeoroid shielding,  r a d i a t i o n  
shielding, o r b i t a l  propulsion systems, and f i n a l l y ,  t o  launch-vehicle require-  
ments. The discussions of t h e s e  problems a r e  l e s s  d e t a i l e d  than t h a t  of 
o r b i t a l  se lec t ion .  

For t h e  purposes of t h i s  pa r t  of t h e  study, t he  following c h a r a c t e r i s t i c s  
a r e  postulated f o r  t h e  o rb i t i ng  communications s t a t i o n .  A paraboloidal  
antenna having a diameter of 26 m i s  assumed f o r  both transmission and recep- 
t i o n  of information t o  and from an in te rp lane tary  vehic le .  An operating f r e -  
quency of 10,000 MHz i s  se lec ted  as possibly a reasonable compromise among 
such communications f a c t o r s  as bandwidth, beamwidth, and accuracy to le rances  
of t he  antenna r e f l e c t o r .  The e f f ec t ive  a rea  i s  conservatively assumed t o  be 
0.5 of t h e  a c t u a l  antenna a rea .  For use as a rece iver - re lay  device only, t h e  
power requirements f o r  communications a r e  estimated as 75 t o  100 W f o r  cont in-  
uous recept ion of information from a deep-space vehicle ,  with a peak value of 
approximately 1 kW during per iodic  periods of t ransmission of da ta  t o  ground- 
based s t a t i o n s .  For transmission from r e l a y  s t a t i o n  t o  Earth, four  equal ly  
spaced paraboloidal antennas 1.2 m a r e  considered adequate. I f  transmission 
i s  contemplated a t  information r a t e s  up t o  and including those required f o r  
adequate voice coiimunication t o  manned in te rp lane tary  spacecraf t  a t  dis tances  
up t o  10 A.U. (1.5~10~ km), 30 kW of t ransmit ted power might be required.  
This f igu re  assumes t h a t  a deep-space vehicle  i s  equipped with a paraboloidal  
antenna of 5.5 m i n  diameter. Two-way voice communication over dis tances  
g r e a t e r  than about 10 A.U. probably represents  a requirement beyond t h a t  con- 
templated f o r  manned missions within t h e  next few decades; hence, the  f igu re  
of 30 kW f o r  t ransmi t ted  power i s  regarded as adequate f o r  a l l  foreseeable  
appl ica t ions  of an o r b i t i n g  t ransmi t te r - rece iver - re lay  s t a t i o n .  Further  anal-  
y s i s  of the  many t rade-of fs  possible  among communications parameters could no 
doubt r e s u l t  in a more e f f i c i e n t  communications system than the  one hypothe- 
s ized  here.  

O r b i t  Select ion 

As noted previously,  it i s  e s s e n t i a l  t o  i t s  s t a t e d  purpose t h a t  an 
Earth-orbi t ing antenna be capable of maintaining 1-ine-of - s igh t  cormunication 
with an in te rp lane tary  vehicle  with l i t t l e  or no in t e r rup t ion .  I n  addi t ion ,  
t h e  necess i ty  f o r  constant reacquis i t ion  of t he  communication l i n k  should be 
minimized. The s e l e c t i o n  of an o r b i t  which enables an antenna-bearing s a t e l -  
l i t e  t o  f u l f i l l  t h i s  requirement i s  necessar i ly  a compromise among a number of 
c o n f l i c t i n g  cons t r a in t s .  For example, inasmuch as near ly  a l l  in te rp lane tary  
t r a j e c t o r i e s  l i e  e s s e n t i a l l y  i n  the  plane of t h e  e c l i p t i c ,  t he  plane of t h e  
antenna o rb i t  should preferably be near ly  normal t o  t h e  e c l i p t i c  t o  minimize 
t h e  p o s s i b i l i t y  of an occul ta t ion  of t h e  antenna by t h e  s o l i d  Earth or i t s  
atmosphere as viewed from a deep-space vehicle .  However, t h e  contemplated use 
of precession of t he  antenna o r b i t  t o  match more or l e s s  c lose ly  t h e  moving 
l i n e  of s igh t  t o  the  space vehicle  requi res  t h a t  t h e  antenna o rb i t  be inc l ined  
t o  t h e  t e r r e s t r i a l  equator a t  angles i d i c t a t e d  by t h e  precession r a t e s  
required i n  a given appl icat ion,  and by t h e  a l t i t u d e  of t h e  o r b i t .  Because 
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t h e  equa to r i a l  plane i s  inc l ined  nea r ly  23.5O t o  t h e  e c l i p t i c ,  t h e  i n c l i n a t i o n  
of t h e  antenna o r b i t  with respect  t o  t h e  e c l i p t i c  could vary by nea r ly  47O 
(between 90° - i + 23.5' and 90' - i - 23.5') during an in te rp lane tary  round- 
t r i p  mission. I n  addi t ion,  t h e  l ine  of s igh t  t o  t h e  t a r g e t  vehicle  i s  l i k e l y  
t o  lead  or  l a g  t h e  pro jec t ion  of t h e  normal t o  t h e  antenna o r b i t  upon t h e  
e c l i p t i c  during the  mission. Hence, occul ta t ion  of t h e  antenna could occur i n  
some ins tances .  Increasing the  o r b i t a l  a l t i t u d e  appears t o  be  one obvious 
means of avoiding occul ta t ion;  however, t h e  precession r a t e  decreases with 
a l t i t u d e ,  so t h a t  f o r  a given des i red  rate t h e  ( acu te )  angle of i nc l ina t ion  of 
t h e  o r b i t  with respec t  t o  t h e  equator (and, hence, t o  t h e  e c l i p t i c )  must be 
decreased t o  compensate f o r  t h e  e f f e c t  of t h e  increase i n  a l t i t u d e .  Thus, t h e  
e f f e c t  of increasing a l t i t u d e  i n  an e f f o r t  t o  avoid occul ta t ion  i s  o f f s e t  t o  
some ex ten t .  Furthermore, t he  choice of o r b i t a l  a l t i t u d e  is  subject  t o  con- 
s t r a i n t s .  The a l t i t u d e  should be high enough t o  avoid aerodynamic drag 
e f f ec t s ,  yet  not s o  high as t o  penetrate  so  deeply i n t o  the  Van Allen r ad ia -  
t i o n  b e l t s  t h a t  weight of r ad ia t ion  sh ie ld ing  becomes prohib i t ive .  Orbi ts  
beyond the  r ad ia t ion  b e l t s  do not  appear a t t r a c t i v e ,  s ince  t h e  launch requi re -  
ments, not  only i n i t i a l l y  but a l s o  f o r  subsequent l o g i s t i c  support, are l a rge  
compared with those of o r b i t s  below t h e  b e l t s .  

The geometry assoc ia ted  with the  antenna o r b i t  i s  shown i n  f igu re  1. The 
o r b i t  i s  shown inc l ined  t o  t h e  equator ia l  plane a t  an angle i; t h e  ascending 
node i s  a t  r i g h t  ascension R (measured from t h e  ve rna l  equinox T i n  t h e  
equa to r i a l  plane)  o r  a t  he l iocen t r i c  longitude 
p lane) .  
t h e  Earth and t h e  t a r g e t  vehicle  i s  6 and i n  p r a c t i c a l  appl ica t ions  can be 
considered t o  be measured in t h e  plane of t h e  e c l i p t i c .  Because the  r a t i o  
between t h e  dis tance from Earth t o  an in t e rp l ane ta ry  spacecraf t  and t h e  rad ius  
of a near-Earth s a t e l l i t e  i s ,  f o r  a l l  but shor t  periods following launch or  
preceding r e t u r n  t o  Ear th  of a spacecraf t ,  s eve ra l  orders  of magnitude g r e a t e r  
than unity,  t h e  reference l i n e  of s igh t  can, with neg l ig ib l e  e r ro r ,  r e f e r  t o  
t h e  l i n e  of s igh t  between t h e  o rb i t i ng  antenna and t h e  t a r g e t  vehic le .  A s  
remarked e a r l i e r ,  t h e  l i n e  of s igh t  t o  t h e  space vehic le  may lag or  lead  t h e  
l i n e  P perpendicular t o  t h e  antenna o rb i t  by an azimuth angle cp (measured 
i n  the  e c l i p t i c  plane);  l ikewise,  t he  l i n e  of s igh t  may be above or below t h e  
normal t o  t h e  o r b i t  by an e leva t ion  angle y (measured i n  the  plane normal t o  
t h e  e c l i p t i c  and containing the  l i n e  P ) .  A s  shown i n  t h e  f igure,  t he  r e s u l -  
t a n t  of t hese  last  two angles cons t i t u t e s  the  t o t a l  look angle 0 .  

2 (measured in  t h e  e c l i p t i c  
The angle t o  t h e  instantaneous l i n e  of s i g h t  between the  center  of 

To assess  t h e  e f f e c t  of t he  antenna o r b i t  on weight pena l t ies ,  an 
appl ica t ion  of the  concept i s  made t o  a t y p i c a l  manned landing-and-return m i s -  
s ion  t o  Mars during the  1980 opposition per iod.  
j e c t o r i e s  of one such mission a r e  i l l u s t r a t e d  i n  f igu re  2 ( see  r e f .  3 ) .  
Brief ly ,  t h e  p r o f i l e  of t h i s  mission i s  (1) launch from a near-Earth o r b i t  
i n t o  a 251.5-day f l i g h t  t o  t h e  v i c i n i t y  of Mars; ( 2 )  propulsion braking i n t o  a 
parking o r b i t  about t h e  planet;  (3)  launch from t h e  Martian parking o r b i t  
a f t e r  a 27-day s t a y  i n t o  t h e  r e tu rn  l e g  of 208.5 days. I n  f igu re  2, t h e  l i ne  
of s igh t  from Earth t o  spacecraf t  i s  shown f o r  a number of elapsed t imes s ince  
launch. I n  f i g u r e  3, t h e  va r i a t ion  of t h e  r e l a t e d  angle 6 during t h i s  mis- 
s ion  i s  given. 
ind ica te  how a s ing le  precession ra te  might be used t o  approximate the  va r i a -  
t i o n  of t h e  l ine-of -s ight  angle during t h e  mission. Similar  da ta  f o r  another 

The outbound and r e tu rn  t ra-  

The dot ted  l i n e  shown with a s lope of O.>'/day i s  drawn t o  
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round-tr ip  mission w e r e  c a l cu la t ed .  I n  t h i s  l a t t e r  mission, atmospheric brak- 
ing i s  used t o  e s t a b l i s h  a parking o r b i t  about Mars, a s h o r t e r  s t a y t i m e  of 7 
days i s  assumed, and t h e  optimum mission t i m e  i s  427 days, or two months l e s s  
than t h e  f irst  mission. 
an approximation t o  t h e  h i s t o r y  of t h e  angle 6.  A t  any given t i m e  a f t e r  
launch of t h e  spacecraf t  from Earth o r b i t ,  t h e  difference between t h e  s o l i d  
curve f o r  
angle cp i f  t h e  antenna o r b i t  i s  o r i en ted  i n i t i a l l y  s o  t h a t  Z i  = 6, +go0, 
where 6, i s  t h e  i n t e r c e p t  of t h e  do t t ed  l i n e  on t h e  6 a x i s .  The e q u a l i t y  
i s  approximate s ince  t h e  rate of precession .h and t h e  angle R are i n  t h e  
e q u a t o r i a l  plane r a t h e r  than i n  t h e  plane of t h e  e c l i p t i c  in which 6, 2, and 
cp a r e  measured. The discrepancies ,  although never la rge ,  a r e  taken i n t o  
account i n  subsequent ca l cu la t ions .  

Here a lower s ing le  precession r a t e  of 0.4'/day gives 

6 and t h e  do t t ed  l i n e  i n  each case i s  very nea r ly  equal t o  t h e  

The t y p i c a l  mission of f i g u r e  3 i s  se l ec t ed  f o r  an app l i ca t ion  of t h e  
concept of an o r b i t i n g  antenna s ince  i t s  more r a p i d  average rate of change of 
l i n e  of s i g h t  appears t o  present a somewhat more d i f f i c u l t  problem. Orbit  
s e l e c t i o n  involves searching f o r  combinations of o r b i t a l  i n c l i n a t i o n  and 
o r b i t a l  a l t i t u d e  which w i l l  r e s u l t  i n  precession r a t e s  adequate f o r  t r ack ing  
t h e  space vehicle  with l i t t l e  o r  no occu l t a t ion  and a t  t h e  s a m e  time minimize 
weight p e n a l t i e s .  Figure 4 shows the  e f f e c t s  of o r b i t a l  i n c l i n a t i o n  and 
o r b i t a l  a l t i t u d e  upon t h e  r a t e  of precession f o r  c i r c u l a r  o r b i t s .  A s  an  exam- 
p le ,  i f  t h e  precession r a t e  i s  taken as O . 5 O  f o r  t h e  durat ion of t h e  mission, 
and t h e  o r b i t a l  i n c l i n a t i o n  i s  assumed t o  be ' ]?O,  t h e  o r b i t a l  a l t i t u d e  of a 
c i r c u l a r  o r b i t  must be very n e a r l y  1080 km. 

From considerat ions of t h e  geometry involved, it can be shown t h a t  t h e  
minimum a l t i t u d e  hmin a t  which occu l t a t ion  can be avoided can be ca l cu la t ed  
from 

cos e = cos cp cos q 

where 

r ad ius  of Earth 

hion assumed a l t i t u d e  of d i s tu rb ing  ionosphere 

cp angle by which t h e  l i n e  of s i g h t  t o  vehicle  leads or l ags  t h e  perpendic- 
u l a r  t o  t h e  antenna o r b i t  

rl complement of angle of i n c l i n a t i o n  of antenna o r b i t  with respect  t o  t h e  
e c l i p t i c  plane 

e t o t a l  look angle 

The angle q i s  found from 
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1 + cos 2 tan I t a n  i cos b tan = 
t a n  i cos b - t a n  I cos - 2  

sin I sin 2 
s in i sin b = 

where I i s  t h e  obl iqui ty  of t h e  e c l i p t i c .  The angle  2, t h e  he l iocen t r i c  
longitude of t h e  moving ascending node on t h e  e c l i p t i c ,  i s  ca lcu la ted  f r o m t h e  
equator ia l  angles  2 and R as follows 

and 
R = R i  + . h ~  

where Ri i s  t h e  i n i t i a l  r i g h t  ascension of t h e  ascending node of t h e  antenna 
o r b i t  corresponding t o  t h e  i n i t i a l  value of 2 ( Z i  = 60 rf: 90') i n  t he  ec l ip t i c ;  
h i s  the  ra te  of precession of t h e  l i n e  of nodes i n  t h e  equator ia l  plane; and 
T i s  the  t i m e  a f t e r  launch of t h e  in t e rp l ane ta ry  spacecraf t  from Earth o r b i t .  

The angle cp i s  ca lcu la ted  from 

cp = 2 - 6 + 90° 

cp = 2 - 6 - 90° 

f o r  

f o r  

The r e s u l t a n t  of cp and 7 ( t h e  t o t a l  look angle e )  i s  shown i n  f igu re  5 .  

2 i  = 6, - 90° 

2 i  = 6, + 90° 

This i s  t h e  angle through which t h e  antenna ?ust be r o t a t e d  i n  order t o  point  
a t  t h e  t a r g e t  vehic le .  The r a t e  of change 8 of the  look angle i s  given i n  
t h e  case of t h e  example mission i n  f i g u r e  6. T h i s  rate i s  usua l ly  l e s s  than 
lo/day, and f o r  long periods it i s  only 0.04'/day. 
required of t h e  o rb i t i ng  antenna i s  more than two orders  of magnitude lower 
than t h a t  usual  f o r  Earth-based antennas, and thus  i n e r t i a l  loads would be cor- 
respondingly lower. It should be noted tha t  t h e  per t inent  angular r a t e s  a r e  
those about axes f ixed  i n  t h e  orb i t ing  s t a t ion ,  s ince  these  a r e  t h e  r a t e s  which 
must be provided by the  a t t i t u d e  cont ro l  system. However, t he  r a t e s  about any 
antenna ax i s  would not exceed the  r a t e  of change of the  t o t a l  look angle .  

The m a x i m u m  r o t a t i o n  r a t e  

The minimum a l t i t u d e  f o r  no occul ta t ion  i s  presented i n  f igu re  '(. 
Occultation i s  considered t o  occur i f  t h e  l i n e  of s igh t  t o  t h e  t a r g e t  passes 
through t h e  ionosphere. For t h e  purpose of t h i s  study, t h e  ionosphere bound- 
a ry  hion i s  taken as 80 km above t h e  Earth.  For the  antenna o r b i t a l  a l t i -  
tude of 1080 km and s ing le  precession r a t e  of 0.5'/day (i  = 95'), f i gu re  7(a)  
shows t h a t  occul ta t ion  occurs during th ree  periods of about 30 days each i n  
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t h e  example mission ( i . e . ,  t h e  value of 
h = 1080 km) .  During periods of occul ta t ion,  communications between t h e  r e l a y  
s t a t i o n  and space veh ic l e  would be impaired or prevented f o r  general ly  only a 
few minutes out of each o r b i t a l  per iod of about 100 minutes. Nevertheless, 
i n t e r rup t ions  in communications may be regarded as se r ious  near  t h e  end of t h e  
mission s ince  t h e  r a d i o  s t a t i o n  could be advantageously used as a navigation 
beacon t o  guide t h e  r e tu rn ing  vehicle  t o  an atmosphere-entry c o r r i d o r .  
Increasing t h e  a l t i t u d e  t o  1300 k m  while maintaining t h e  same r a t e  of preces- 
s ion  i s  shown i n  f i g u r e  7 ( b )  t o  be e f f e c t i v e  i n  e l iminat ing occu l t a t ion  except 
f o r  t h e  f irst  two days of t h e  mission. Occultation s o  near  t h e  Earth on t h e  
outbound l e g  of t h e  mission i s  not  considered t o  be se r ious .  More important 
i s  a possible  weight penal ty  incurred by increasing t h e  o r b i t a l  a l t i t u d e .  
discussed in a l a t e r  sect ion,  t h e  s t r u c t u r e  of t h e  r e l a y  s t a t i o n  provides suf- 
f i c i e n t  shielding (about 1 g/cm2) t o  prevent s i g n i f i c a n t  r a d i a t i o n  damage t o  
e l e c t r o n i c  components i n  t h e  t i m e  per iod of t h e  example mission (487 days) f o r  
a l t i t u d e s  w e l l  beyond 1300 km. Hence, f o r  unmanned o r b i t i n g  r a d i o  s t a t i o n s  no 
weight penal ty  f o r  shielding r e s u l t s  from increasing t h e  o r b i t a l  a l t i t u d e  from 
1080 t o  1300 km. Launch requirements, of course, a r e  somewhat g r e a t e r  f o r  t h e  
higher o r b i t a l  a l t i t u d e .  These a r e  discussed i n  a l a t e r  sec t ion .  On t h e  
other  hand, shielding requirements for a manned s t a t i o n  increase sharply from 
about l'( g / c d  a t  1080 km t o  n e a r l y  60 g/cmz a t  1300 km, based upon a period 
of' t)O clay 's ( 2  \posure .  

h d n  exceeds t h e  o r b i t a l  a l t i t u d e  

As 

An a l t e r n a t i v e  method of avoiding occu l t a t ion  without increasing t h e  
a l t i t u d e  above 1080 km i s  t o  divide t h e  mission period i n t o  two or more p a r t s ,  
with each p a r t  character ized by an  ind iv idua l  r a t e  of precession. If an i n i -  
t i a l  o r b i t a l  a l t i t u d e  i s  maintained, a change i n  o r b i t a l  i n c l i n a t i o n  i s  
required €or each change i n  precession r a t e .  
r e s u l t s  of making a plane change i n  ;he antenna o r b i t  140 daxs a f t e r  t h e  start 
of t h e  mission from an i n i t i a l  33O (R = 0.3O/day) t o  95.3' (R = 0.55'/day) 
whi1.e maintaining a constant o r b i t a l  a l t i t u d e  of 1080 km. 
ure  '((b), occu l t a t ion  i s  avoided except €or t h e  f i r s t  t w o  o r  t h r e e  days, when 
nn occasional sho r t  i n t e r r u p t i o n  i n  cormunications i s  not regarded as s e r i o u s .  
The plane change of 2.7' involves a v e l o c i t y  increment of about 0.32 km/sec. 

Figure ' ( (e )  i l l u s t r a t e s  t h e  

Again, as i n  f i g -  

Anothcr method for avoiding occu l t a t ion  a t  t h e  lower a l t i t u d e  by applying 
propulsion t o  r o t a t e  t h e  l i n e  of nodes o€ t h e  o r b i t  w a s  a l s o  invest igated;  
however, such maneuvers proved t o  be more cos t ly ,  i n  terms of veloci ty ,  than 
t h e  o r b i t a l  pl anc change. 

The foregoing examples o€ so lu t ions  t o  problems involved i n  s e l e c t i n g  an  
antenna o r b i t  f o r  a p a r t i c u l a r  i n t e rp l ane ta ry  mission a r e  i n  no way t o  be 
regarded as optimal s o l u t i o n s .  Other combinations of o r b i t a l  parameters, 
t oge the r  with i n i t i a l  o r i e n t a t i o n  of t h e  l i n e  of nodes of t h e  o r b i t  can 1.ikely 
reduce t h e  magnitude of required plane changes and, hence, t h e  amount of 
weight penal ty .  It i s  concluded from t h e  r e s u l t s  obtained so  far t h a t  communi- 
ca t ions  s t a t i o n s  i n  near-Earth, near-polar o r b i t s  can maintain e s s e n t i a l l y  con- 
t inuous l i ne -o f - s igh t  cormunications with in t e rp l ane ta ry  spacecraf t  having 
average r a t e s  of change of t h e  l i n e  of s i g h t  a t  least  as l a r g e  as O.>O/day. 
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Att i tude  Control 

The primary objec t ive  of a t t i t u d e  con t ro l  of t h e  communications s a t e l l i t e  
i s  t o  keep an antenna accura te ly  and continuously pointed a t  a t a r g e t  vehic le .  
To accomplish t h i s  t a sk ,  t h e  antenna must be or ien ted  i n  accordance with 
changes i n  the  required look angle, 0 .  I n  addi t ion,  t h e  a t t i t u d e  con t ro l  sys-  
tem i s  required t o  compensate f o r  various d is turb ing  torques.  

A s  noted ear l ier ,  t h e  r a t e  of change of t h e  look angle would be small, 
being as la rge  as about 1°/day only a t  t h e  beginning and a t  t h e  end of t h e  
example mission. Accordingly, t h e  acce lera t ions  would a l s o  be small, about 
0.03°/day2 near the  beginning and end, and fa r  less during the  middle port ion 
of t h e  mission. To estimate t h e  maximum torque which might be required t o  sup- 
p ly  t h i s  accelerat ion,  
s t a t i o n  are used. The 
1, = 34,000 kg-m-sec2 
Ig = 38,300 kg-m-secz 

the mass moments of i n e r t i a  of t h e  t ransmi t te r - re lay  
approximate moments of i n e r t i a  ca lcu la ted  are 
about the c e n t r a l  a x i s  c t o  c (sketch ( a ) )  and 
about the  tumbling ax i s  g t o  g .  The required torque 

associated with changing t h e  look angle i s  about 
0.45X10-8 kg-m. 
are much less  than those required t o  maintain 
t h e  angle accura te ly .  

A s  w i l l  be seen, t hese  torques 

A t  t h e  a l t i t u d e s  of i n t e r e s t  ( l O O O - l 3 O O  Jan), 
t he  predominant d i s turb ing  torques ac t ing  on t h e  
s t a t i o n  would be those due t o  t h e  Ea r th ' s  grav- 
i t y  gradient  and t o  i n t e r n a l  movements of ins t ru-  
ments, con t ro l  mechanisms, e t c .  Because of t h e  
asymmetry of t h e  example s t a t i o n  configurat ion 
( I g  - I, = 4360 kg-m-sec2) t h e  Ea r th ' s  g rav i ty  
gradient  would produce approximately 0 .OO32 kg-m 

Sketch (a)  of torque.  This value represents  an average 
gravi ty-gradient  torque, s ince  t h e  magnitude 

would change during t h e  mission as t h e  l a t i t u d e  and longitude components of 
t h e  look angle va r i ed .  An addi t iona l  0.0032 kg-m of  torque i s  assumed t o  
take  i n t o  account moments due t o  i n t e r n a l  movements, atmospheric drag, s o l a r  
r ad ia t ion  pressure,  Ea r th ' s  oblateness,  micrometeoroid impacts, e t c  . Whereas 
t h e  ne t  gravi ty-gradient  torque i s  taken as t h e  root-mean-square value about 
two axes, t h e  ne t  torque due t o  random disturbances i s  taken as t h e  r m s  value 
about t h r e e  axes.  Estimates ind ica te  t h a t  t h e  moments a r e  very near ly  the 
same for o r b i t a l  a l t i t u d e s  of 1080 and 1300 km. 
7.6 m apa r t  along each ax is ,  t h e  required t h r u s t  would be 0.403 g .  

With two t h r u s t o r s  located 

Since t h e  torque due t o  g rav i ty  grad ien t  appears t o  be s ign i f i can t ,  t he  
p o s s i b i l i t y  of using t h i s  e f f e c t  f o r  vehic le  s t a b i l i z a t i o n  w a s  considered. 
This technique w a s  not  found t o  be a t t r a c t i v e ,  however, pr imari ly  because an 
antenna must look below t h e  horizon on one s ide  of t h e  o r b i t  and above t h e  hor- 
izon on t h e  o ther .  With a vehicle  s t a b i l i z e d  by g rav i ty  gradient  t h e  antenna 
a t t i t u d e  would have t o  be cycled through p lus  and minus t h e  look angle i n  each 
o r b i t  revolut ion.  
with moments of i n e r t i a  t h a t  a r e  near ly  equal about a l l  axes i n  order t o  
reduce t h e  gravi ty-gradient  torque. 

A more des i rab le  approach may wel l  be t o  design a vehicle  

Additional study i n  t h i s  a rea  i s  required.  
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For the  example mission, weights of propel lants  were ca lcu la ted  f o r  each 
of t h ree  requirements i n  a t t i t u d e  control ,  namely, changes i n  t h e  look angle, 
counteraction of gravi ty-gradient  moments, and s t a b i l i z a t i o n  against  random 
disturbances.  Two d i f f e r e n t  types of t h r u s t o r s  were postulated,  one a 
moderately high-thrust  chemical system with a spec i f i c  impulse of 250 see, t h e  
other a continuous low-thrust device (e .g . ,  an ion engine) having a spec i f i c  
impulse of 5000 see .  The l a t t e r  type i s  considered t o  be f e a s i b l e  i n  case a 
nuclear-reactor  power supply i s  ava i lab le  t o  supply t h e  la rge  power requi re -  
ments of a t ransmi t te r - re lay  r a d i o  s t a t i o n  i n  o r b i t .  The r e s u l t s  a r e  shown i n  
t h e  t a b l e  below. The advantages of using ion th rus to r s  of high spec i f i c  
impulse f o r  a t t i t u d e  cont ro l  a r e  apparent f r o m t h i s  t a b l e .  

Medium-thrust 
chemical 

Negligible 

PROPELLANT WEIGHTS FOR ATTITUDE CONTROL 
[Percentage of Gross Weight i n  O r b i t ]  

Low-thrust 
e l e c t r i c a l  

Negligible Change look angle 

Resis t  
g rav i ty  gradient  

Random 
d i  s t ur ban c e s 

1 .'/ 1 0.08 
2 .o I .10 

Should n e i t h e r  t h e  chemical nor ion engine be ava i lab le  or  su i t ab le  f o r  
t h e  purpose of a t t i t u d e  control ,  c u r r e n t l y  used devices such as cold-gas 
reac t ion  j e t s  could be employed. However, t he  weight of gas and associated 
tankage would be many times l a rge r  i n  t h i s  case than i f  even chemical engines 
were used. 

Propulsion Systems for O r b i t a l  Use 

As noted e a r l i e r ,  one method of avoiding occul ta t ion of t he  t a r g e t  
vehicle  involves an o r b i t a l  plane change. Various missions would no doubt 
requi re  d i f f e r e n t  a l t i t u d e s  and i n c l i n a t i o n s  and o r i e n t a t i o n  of t h e  o rb i t  t o  
be es tab l i shed  f o r  t h e  o rb i t i ng  s t a t i o n .  Hence, some propulsive device and 
propel lant  suppl ies  would be required f o r  o r b i t a l  maneuvering. 

Two c lasses  of propulsion systems a r e  considered here i n  order t o  obtain 
estimates of weights required f o r  propel lants  i n  the  case of t he  plane change 
of 2.5O. 
t he  other  i s  an e l e c t r i c  ion engine with a spec i f i c  impulse of 3000 see .  The 
l a t t e r  propulsion system, l i k e  t h e  ion t h r u s t o r s  suggested f o r  a t t i t u d e  con- 
t r o l ,  i s  considered t o  be p r a c t i c a l  only i n  t h e  event t h a t  a nuclear  reac tor  
i s  ava i lab le  t o  supply t h e  power requirements f o r  a t r a n s m i t t e r - r e l a y  communi- 
ca t ions  s t a t i o n .  If t h e  chemical p r o p u l s i m  system i s  used t o  accomplish 

One i s  a chemical rocket engine having a s p e c i f i c  impulse of 250 see; 
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t h e  plane change a t  t h e  a l t i t u d e  of 1080 km, t h e  propel lant  weight i s  
12.2 percent of t h e  gross weight i n  o r b i t ;  i f  i o n  propulsion is  possible,  t h e  
propel lant  requirement and engine would be only 1 percent .  These weights a r e  
included i n  t h e  t o t a l  propel lant  weights ( including those  f o r  a t t i t u d e  con- 
t r o l )  given i n  t a b l e  1 f o r  var ious types of o r b i t i n g  comniunications s t a t i o n s  
considered he re .  

Antenna-Reflector S t ruc tu res  

One of t h e  most important c r i t e r i a  i n  t h e  design of r e f l e c t o r s  i s  
achievement of accurate  paraboloidal  su r f aces  i n  order  t o  achieve t h e  desired 
ga in .  For an o r b i t i n g  antenna, t hese  accurate  surfaces  must be obtained w i t h  
s t r u c t u r e s  t h a t  can be packaged compactly f o r  launch. Three types of col laps-  
i b l e  antennas a r e  considered i n  t h e  present study: (1) a fold-out,  a l l -me ta l  
type; ( 2 )  an  antenna having a combined metal core and i n f l a t e d  outer  panel; 
and (3 )  an i n f l a t e d  and r i g i d i z e d  s t r u c t u r e .  

For antenna dishes  of any s ize ,  good focusing and e f f i c i ency  a r e  obtained 
when t h e  surf'ace i r r e g u l a r i t i e s  do not  exceed about one-twelfth of t h e  operat-  
ing wavelength, ?i ( r e f .  4 ) .  
required accuracy i s  to.83 em; a t  10,000 MHz it i s  kO.25 em. 
s t r u c t u r a l  techniques, t h e  r a t i o  of t h e  rms surface deviat ion t o  t h e  diameter 
i s  about 
about kO.25 em f o r  an antenna 26 m i n  diameter. 
antenna could be operated a t  frequencies up t o  about 10,000 MIIEz by using t h e  
1/12 r e l a t i o n s h i p  c i t e d .  

For example, a t  a frequency of 3,000 MIIz, the  
With current  

( r e f .  4 ) .  On t h i s  basis ,  t h e  surface inaccuracies would be 
It follows tha t  such an 

Fold-out antennas .- Figure 8 shows a possible  design f o r  an al l -metal ,  
fold-out antenna having a diameter of 26 m. 
s i s t  of a f ixed  center  s ec t ion  6.1 m i n  diameter supporting both a tower f o r  a 
Cassegrainian r e f l e c t o r  and a shor t  tower f o r  a horn mount. Thir ty  panels a r e  
designed t o  be folded rearward within t h e  confines of a cyl inder  having a d i a m -  
e t e r  (6.5 m) compatible with a Saturn-class  boos t e r .  A c e n t r a l  core 2 .44  m i n  
diameter i s  intended f o r  use as an equipment module. 

The antenna i s  conceived t o  con- 

To evaluate  panel de f l ec t ion  a simple beam ana lys i s  i s  used. The load 
condition i s  assumed t o  be due t o  surface g r a v i t y  s o  t h a t  t h e  antenna would 
have t h e  s t r eng th  and r i g i d i t y  necessary f o r  ground t e s t i n g  with minimum sup- 
p o r t .  This assumption i s  conservative, s ince  a l i g h t e r  antenna could be used 
in space and could be ground t e s t e d  with an appropriate  support system. The 
s t r u c t u r a l  ma te r i a l  i s  considered t o  be l a rge -ce l l ed  aluminum honeycomb. C a l -  
cu l a t ions  i n d i c a t e  t h a t  under these  conditions,  t h e  upper and lower sk ins  
should be about 0.08 em t h i c k .  
be tapered i n  thickness,  and t h a t  tapered supporting r i b s  could be used. The 
r e s u l t i n g  thicknesses  of sk in  correspond t o  a u n i t  weight of about 4 . 9  kg/m2. 
With the  r i b s  and tower s t r u c t u r e  included, t h e  t o t a l  weight f o r  t h e  paraboloid 
i s  estimated as 3900 kg. For t h i s  type of construct ion,  t h e  weight Wa (kg) of 
corresponding antenna s t r u c t u r e s  of any diameter 
mated by 

Analysis a l s o  suggests t h a t  t h e  sk ins  should 

D (meters) can be approxi- 

Wa = 30.6 D + 4.65 D2 
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The f i r s t  term primari ly  represents  t h e  weights of t h e  tower and honeycomb, 
while t h e  second term accounts f o r  sk in  weight. The v a r i a t i o n  of weight with 
antenna diameter i s  presented i n  f igu re  9. Although t h e  weights given by 
these  equations a r e  only approximate, they a r e  considered adequate f o r  compar- 
ison with those estimated f o r  other  methods of construct ion.  

Antenna with combined metal core and _ _  i n f l a t e d  ._ -~ outer panel.-  A n  i n f l a t a b l e  
antenna s t r u c t & e  has a packaging advantage, p a r t i c u l a r l y  when antenna diam- 
e t e r s  as la rge  as 61 m a r e  considered. However, some experience i n  industry 
has indicated t h a t  a t  present it i s  not possible  t o  maintain t h e  desired sur- 
face accuracy f o r  diameters over 12 m. With a c e n t r a l  r i g i d  core re tained,  a 
26-m diameter can be achieved with an i n f l a t a b l e  outer  sec t ion  having a r a d i a l  
dimension of about 10 m. A double surface s t ruc tu re  with r i b s  1.5 in deep a t  
t he  root  i s  chosen as a design concept. Assessment of t h e  f e a s i b i l i t y  of 
achieving s u f f i c i e n t  surface accuracy with such a la rge  i n f l a t a b l e  s t ruc tu re  
requires  a d e t a i l e d  membrane ana lys i s  which i s  beyond the  scope of t h e  present 
study. Possible  weight savings with t h i s  s t r u c t u r a l  arrangement a r e  indicated 
i n  f igu re  9 where weights f o r  t h i s  approach and t h e  fold-out  approach a r e  com- 
pared. For an antenna of 26 m i n  diameter, t he  a l l -meta l  r i g i d  antenna has an 
estimated un i t  s t r u c t u r a l  weight of 6 .8  kg/mz, whereas t h e  p a r t l y  i n f l a t a b l e  
s t ruc tu re  has a un i t  weight of about 4.9 k g / m 2 .  

-- I n f l a t e d  and r i g i d i z e d  s t ruc tures . -  ~- Perhaps the  g rea t e s t  weight savings 
could be r e a l i z e d  i n  t h e  construct ion of la rge  r e f l e c t o r s  f o r  use i n  o rb i t  by 
extending t h e  appl ica t ion  of inf  la tab le- type  construct ion discussed i n  the  
preceding paragraph t o  t h e  e n t i r e  antenna r e f l e c t o r .  In  t h e  case of antennas 
having diameters as la rge  as 61  m, t h e  use of i n f l a t a b l e  and r i g i d i z e d  s t ruc -  
t u r e s  may be necessary, pr imari ly  because they must usual ly  be packaged i n  
r e l a t i v e l y  small volumes f o r  launching. On t h e  other  hand, a number of d i f f i -  
c u l t i e s  can be an t ic ipa ted  with such s t ruc tu res .  For example, t he  unfolding 
process and ground t e s t i n g  might wel l  pose major problems. Perhaps the  most 
ser ious problem i s  obtaining surface accuracies commensurate with t h e  desired 
gain of antennas as l a rge  as 26 m or more i n  diameter. No s a t i s f a c t o r y  solu- 
t i o n  t o  t h i s  problem has ye t  been found. 

Equipment Module 

In  t h e  r a d i o  s t a t i o n  conceived here, an equipment module forms t h e  
s t r u c t u r a l  backbone of t h e  e n t i r e  vehic le .  This module i s  considered t o  be 
c y l i n d r i c a l  i n  shape, about 2.5 m i n  diameter and 10.7 m long. The antenna 
of t he  a l l -meta l ,  fold-out  type, i s  assumed t o  be i n  a f u r l e d  and stowed 
arrangement, along the  outer c y l i n d r i c a l  surface of t h e  equipment module during 
launch and f l i g h t  through t h e  atmosphere and p r i o r  t o  deployment. One end of 
t he  module provides attachment t o  the  booster;  t h e  other  end serves as t h e  
antenna base and attachment point f o r  t h e  receiver-horn s t r u c t u r e .  Fig- 
ure l O ( a )  shows how t h e  study vehicle  might be mounted on t h e  booster.  The 
launch arrangement f o r  t h e  vehic le  i s  conceived t o  be similar f o r  both t h e  
rece iver - re lay  and t h e  t ransmi t te r - rece iver - re lay  configurat ions.  A shroud 
pro tec ts  t he  antenna from t h e  aerodynamic noise  and b u f f e t t i n g  loads during 
launch and f l i g h t  through the  Earth 's  atmosphere. It i s  designed t o  separate  



from the  spacecraf t  ea r ly  during second s tage  booster burning. The antenna 
i s  t o  be e rec ted  a f t e r  t h e  s t a t i o n  a t t a i n s  i t s  operat ional  o r b i t a l  a l t i t u d e .  

Figure 10(b) shows a vehicle  i n  a conceptual operat ional  arrangement as a 
receiver  re lay .  
t i ons  on t h e  base of t h e  cy l ind r i ca l  portion, and t h e  primary and secondary 
a t t i t u d e - c o n t r o l  and o r b i t  plane-change motors a r e  located at t h e  ends of t h e  
equipment module. The s t ruc tu re  of t h i s  module cons is t s  of a monocoque-type 
meteoroid sh i e ld  and a honeycomb-reinforced and insu la ted  inner  pressure ves- 
s e l .  Tempera- 
t u r e  cont ro l  within t h e  module i s  believed t o  be possible  by a passive system 
employing conduction through the  module s t ruc tu re  without t h e  necess i ty  of 
maintaining pressur iza t ion  during normal operation. The module contemplated 
here  has a volume of about 57 m3 and an i n t e r n a l  headroom diameter of 2 m. 

Four Earth communications antennas are mounted a t  goo posi-  

A s t r u c t u r a l  weight of about 1 g/cm2 r e s u l t s  f o r  t h e  module. 

Figure 10( c )  shows an operat ional  arrangement f o r  a conceptual 
t ransmi t te r - rece iver - re lay  vehic le .  The equipment module and antenna a r e  s i m -  
i l a r  t o  those of t h e  rece iver - re lay  vehicle;  however, as discussed i n  t h e  f o l -  
lowing sect ion,  t h e  g rea t e r  power demand i s  bes t  provided by a nuclear reactor,  
generator,  and r a d i a t o r s .  The reac tor  un i t  i s  shadow shielded t o  pro tec t  t h e  
equipment module and t h e  ac t ive  antenna components. 
i c a l  s t ruc tu re  supports t h e  generator,  reac tor ,  and sh ie ld ing .  The r ad ia to r s  
a r e  designed t o  have s u f f i c i e n t  area t o  f u l f i l l  t h e  cooling requirements of 
both t h e  reac tor  and t h e  communications equipment. Supplemental a t t i t u d e -  
cont ro l  and orbit-change propel lants  a r e  assumed t o  be s tored  within t h e  r ad i -  
a t o r  s t ruc tu re .  

The coolant-radiator  con- 

It i s  estimated t h a t  t h e  bas ic  equipment module f o r  an unmanned 
receiver  r e l a y  might weigh about 1130 kg. For an unmanned t ransmi t te r - rece iver  
re lay,  an a d d i t i o n a l  320 kg would be required s o  t h e  weight would be 1450 kg. 

Weights of t h e  module components and of possible  equipment a r e  l i s t e d  i n  
t a b l e  I. 

Power Supply 

The power requirements would be d i c t a t e d  by the  type of communication 
system employed and t h e  source of power would i n  t u r n  be governed by the  appl i -  
cat ion.  Unmanned receiver-relay s t a t i o n s  would requi re  only about 75 t o  100 W 
of power f o r  recept ion and a nominal 1 kW peak power capaci ty  f o r  per iodic  
transmission t o  Earth.  
spacecraf t  needs, such as b a t t e r y  recharging; gyroscopes; instrumentation; 
a t t i t u d e - c o n t r o l  mechanism, including star t rackers ;  and any necessary pumping 
f o r  thermal cont ro l .  Accordingly, t h e  power requirements f o r  an unmanned 
receiver-relay s t a t i o n  a r e  estimated t o  be a t o t a l  of 250 W f o r  continuous 
operation, with separate  provisions f o r  1000 W f o r  short-durat ion transmission 
of s tored  da ta  t o  Ear th .  

An addi t iona l  l5O W should be provided t o  s a t i s f y  

Among t h e  power sources considered here  f o r  a r e l a y  s t a t i o n  a r e  s o l a r  
c e l l s  and radioisotopes.  S o l a r - c e l l  panels present a la rge  a rea  vulnerable t o  
micrometeoroids 2nd a l s o  require  constant o r i e n t a t i o n  t o  t h e  Sun. In  addi t ion  
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t o  t h e  a t t i t ude -con t ro l  problems, it would be necessary t o  e s t a b l i s h  an o r b i t  
which would be simultaneously and constant ly  i n  view of both t h e  Sun and an 
in te rp lane tary  vehic le .  
and t h e  r e l i a b i l i t y  demonstrated by t h e  years of operation of SNAP-gA-pwr 
sources aboard t h e  T r a n s i t  s a t e l l i t , .  
considered as the'primary source of power f o r  t h e  simple r e l a y  s t a t i o n .  

Among t h e  advantages of radioisotopes a r e  compactness 

For these  reasons, radioisotopes =re 

- -_ - - _  
The requirement f o r  250 W of continuous power could be met by mult iple  

SNAP-9A units. 
be required.  
silver-cadmium ceramic-sealed secondary ba t t e ry .  
of r e l a y  transmission per day ( i . e . ,  1000 W-hr) during a 50-percent discharge, 
the  b a t t e r y  would weigh about 34 kg. 
i n  a temperature environment of 2 5 O  C,  t h i s  b a t t e r y  has a l i f e  of 600 cycles .  

Ten such u n i t s ,  having a t o t a l  weight of about 114 kg, would 
Power f o r  r e l a y  t ransmission t o  Earth could be provided by a 

To provide power f o r  1 hour 

With a 50-percent discharge once a day 

On t h e  other  hand, power requirements f o r  a t ransmi t te r - rece iver - re lay  
s t a t i o n  would, of course, be much g rea t e r .  I n  t h e  present study, as noted 
e a r l i e r ,  a t ransmi t ted  power of 30 kW from t h e  o rb i t i ng  antenna i s  assumed t o  
be adequate. With a conservative e f f ic iency  of 20 percent,  an e l e c t r i c a l  
input power of l5O kW would be requi red .  This magnitude of power can bes t  be  
r ea l i zed  f o r  space appl ica t ions  by t h e  use of nuclear r e a c t o r s .  

~- . 

A nuclear r eac to r  with an output of approximately 0 .8  thermal megawatt 
could provide t h e  required heat  f o r  a turbo-generator system. A r ad ia to r  area 
of about 28 rr? i s  required t o  d i s s ipa t e  t h e  waste hea t .  
such a power source would weigh approximately 10 t o  15 kg/kW with an addi t iona l  
3 kg/kW for r ad ia t ion  sh ie ld ing .  
This f igu re  includes the  weight required for meteoroid sh ie ld ing  of t h e  
racliat or. 

It i s  estimated t h a t  

The t o t a l  weight i s  estimated t o  be 2500 k g .  

A s  noted i n  an e a r l i e r  sec t ion ,  t h i s  . -  nuclear power supply might a l s o  be- 
used t o  reduce t h e  propel lant  exgendi twes assoc ia ted  with required o r b i t a l  
maneuvers. 

. -- 

Micrometeoroid Hazard 

The penetrat ion theory developed by Summers and Charters  ( r e f .  5 )  w a s  
used together  with Whipple's "1963 A" estimate of t h e  p a r t i c l e  f l u  ( r e f .  6 )  
t o  determine t h e  possible  micrometeoroid hazard t o  an o rb i t i ng  antenna. The 
s t r u c t u r a l  material of t he  antenna w a s  taken as aluminum 0.081 em i n  thickness .  
If t h e  diameter i s  taken as 26 m, t h e  t o t a l  exposed area of t h e  antenna dish,  
f r o n t  and back, i s  1121 m2. For t h e  t y p i c a l  mission time of 487 days, approxi- 
mately l ' (5O penetrat ions might occur. This number corresponds t o  3.6 penetra- 
t i o n s  per day. It may a l s o  be shown t h a t  t he  diameters of t hese  punctures a re  
l e s s  than 0.03 em. 

It therefore  appears t h a t  micrometeoroids present negl ig ib le  s t r u c t u r a l  
and operat ional  problems t o  t h e  antenna r e f l e c t o r  i t s e l f .  Likewise, t he  pres-  
en t  ana lys i s  ind ica tes  t h a t  t h e  s t ruc tu re  of t h e  equipment module described i n  
an e a r l i e r  sec t ion  provides adequate pro tec t ion  of e l ec t ron ic  components 



and other  equipments against  damage from micrometeoroids. 
a l l  r a d i a t o r s  required f o r  thermal cont ro l  must be protected.  

On t h e  other hand, 

1 1080 km 
1300 km 
1300 km 

Radiation Shielding 

0.83 lii! 1 - 5  
3.2 
5 -7 

~ 

I n  an unpublished paper, Adam and Holly of t h e  A i r  Force Weapons 
Laboratory u t i l i z e  t h e  computer codes of Barton, Keis ter ,  and Mar ( r e f . 7 )  t o  
predict  r a d i a t i o n  doses t h a t  would be received behind various shielding con- 
f i g u r a t i o n s  while o r b i t i n g  the  Earth a t  d i f f e r e n t  a l t i t u d e s  and inc l ina t ions .  
This work took i n t o  consideration the  e f f e c t s  of trapped protons and electrons 
( including bremsstrahlung) and so la r  protons.  

Adams has extended t h i s  e f f o r t  f o r  a range of a l t i t u d e s  of i n t e r e s t  t o  

The r e s u l t s  i n  terms of rad/day received as a r e s u l t  of t h e  trapped 
t h i s  study i n  t h e  case of simple spher ica l  sh i e lds  of 10 and 20 g/c$ of a lu-  
minum. 
r a d i a t i o n  a r e  shown i n  t h e  first t a b l e  below. The second t a b l e  shows the  
r e s u l t s  i n  rad/duration of f l a r e  f o r  various solar-proton events. 

TRAPPED RADIATION DOSE* 
FOR ORBIT INCLINATION = 90' 

Primary jji-oton P r i A i y  

10 g/cm2) . .. 20 ~ g/emzl . .  Both cases  

dose -~ l e l e c t r o n  dose 

0 
0 
0 
0 

Bremsstrahlung 
dose 

__ 

T o t a l  dose 

10 g/c$ 

2 -1 
4 .O 
10 .o 
19.2 

Fromthe  da ta  i n  t h e  f i r s t  tab le ,  t he  number of days permitted i n  
c i r c u l a r  90' o r b i t s  a t  various a l t i t u d e s  can be calculated f o r  d i f f e ren t  a lu-  
minum sh ie ld  thicknesses  and d i f f e ren t  t o t a l  dose l imi t a t ions .  These re la t ion-  
ships a r e  i l l u s t r a t e d  i n  f igu re  11. (Dashed curves ind ica te  extrapolat ions t o  
grea te r  values of sh ie ld ing . )  
they represent b io logica l  o r  equipment exposure limits. Recently defined NASA 
average year ly  dose limits f o r  humans include 27 rads f o r  eyes and 233 rads a t  
t h e  surface of t h e  outer skin of t h e  e n t i r e  body ( r e f .  8 ) .  Lehr, Tronolone, 
and Horton ( r e f .  9 ) ,  i n  es tab l i sh ing  func t iona l  damage i n  terms of absorbed 
dose f o r  various mater ia ls  and components, found t h a t  t r a n s i s t o r s  f a i l  under 
doses of 2X103 t o  2X104 rads .  

The dose l imi t a t ions  shown were chosen because 

A nonsensit ive type t r a n s i s t o r  would requi re  no more shielding than i s  
furnished by t h e  s t ruc tu re  of t he  equipment module (1 g/cn?) t o  survive f o r  
500 days a t  a l t i t u d e s  up t o  1500 km. 

From t h e  s o l a r - f l a r e  da ta  given i n  t h e  second t a b l e  it i s  deduced tha t  
t h e  t o t a l  dosage received from even severa l  f l a r e s  with a spec i f ied  shielding 
(e .g . ,  10 g/cnr') at a l t i t u d e s  of i n t e r e s t  here (1000 to 1300 km) during any 
90-day period i s  l i k e l y  t o  be about 10 percent or l e s s  than t h e  dosage 
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received from t h e  high-energy trapped p a r t i c l e s  of t h e  r ad ia t ion  b e l t s  ( i . e . ,  
about 50 t o  60 rads compared with near ly  550 r a d s ) .  

SOLAR-FME PROTON DOSE; * INCLINATION = 90° 

Weight 
c ondit  on 

I Orb it 

L Transmitter r e l a y  Receiver 
relay 

unmanned 
Unmanned 

shielded)  

F la re  
I 

Dry 
Propel lant  
Tota l  

Al t i tude  = 1500 km I Alt i tude  = 400 km 4 

5600 9250 37,500 
1060 1750 7090 
6660 11,000 44,590 

23 Feb. 1956 
k r a t i o n  = 7.77x105sec 

14 Ju ly  1959 
Duration = 5 .1 lx l0~sec  

12 Nov. 1960 
Duration = 4.89x105sec 

*Dose u n i t s  are rad/duration of f l a r e .  

Dry 
Propel lant  
Tota l  

Dry 
Propel lant  
Tota l  

Launch -Vehi c l e  Re qui r  ement s 

9250 37,500 
110 450 

9360 37,950 
5600 9250 87,700 

215 355 3370 
5815 9615 91,070 

The launch-vehicle requirements for an o rb i t i ng  r e l a y  s t a t i o n  depend upon 
t h e  t o t a l  weight of t h e  vehicle ,  upon t h e  cha rac t e r i s t i c s  of i t s  o rb i t ,  and 
upon the  loca t ion  of t h e  launch s i t e .  A s  discussed i n  e a r l i e r  sect ions,  t he  
weights a r e  a f f ec t ed  by numerous considerat ions.  These weights, summarized i n  
t h e  following t ab le ,  were obtained by summing t h e  appropriate  component 
weights l i s t e d  i n  t a b l e  I .  Unmanned s t a t i o n s  might weigh approximately 5,800 
t o  6,700 kg i f  intended f o r  r e l a y  funct ions only, and from 9,300 t o  11,000 kg 
i f  f a c i l i t y  for transmission i s  added. 

Dry 
Propel lant  
To ta l  

EFFECTIVE ORBITAL WEIGHTS, kg 

9250 87, 700 
17 15 8 

9267 87,858 

Al t i tude  

1080 km o r b i t  

2.5' plane change 

I 

1300 km o r b i t  

No plane change 

[ 26 -m-C 
Method of 

a t t i t u d e  control  
and o r b i t a l  

changes 

Chemical 
p r  opuls ion 

E l e c t r i c a l  
propulsion 

Chemical 
propulsion 

E l e  c t  r i c a l  
propulsion 

ameter Antennal 
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From the  range of weights estimated f o r  t h e  var ious types of r a d i o  
s t a t i o n s  considered, t h e  launch-vehicle c a p a b i l i t i e s  required t o  place these  
weights i n t o  t h e  des i red  o r b i t s  l i e  between those of such launch vehicles  as 
Ti tan  I I I C  and Saturn I B .  
launch azimuths from launch f a c i l i t i e s  a t  Cape Kennedy cannot exceed 160~. 
For the  example mission t o  Ivlars, i n i t i a l  o r b i t a l  i n c l i n a t i o n s  of 93' 20 95' 
were c i ted ;  t h e  corresponding launch azimuths a r e  near ly  184' and 186 . Hence, 
dog-leg t r a j e c t o r i e s  a r e  required i n  launching t h e  communications s t a t i o n  from 
Cape Kennedy. The reduction i n  payload c a p a b i l i t y  with increasing o r b i t a l  
inc l ina t ion ,  with an increase i n  a l t i t u d e ,  and with azimuth r e s t r i c t i o n s  i s  
i l l u s t r a t e d  i n  f igu re  12 i n  t h e  case of t h e  Saturn I B  launch vehic le .  For 
launches f r o m t h e  f a c i l i t i e s  a t  t h e  westcoast launch s i t e ,  no dog-leg maneuver 
would be required.  However, a t  present,  t h e  Saturn launch vehicles  cannot be 
accommodated a t  t h e  westcoast s i t e .  Use of t he  T i t a n  I I I C  vehicle  might 
require  a reduction i n  the  diameter of the  launch configuration of the  communi- 
cat ions s t a t i o n  from 6.5 m considered necessary i n  t h e  case of t h e  26-m 
antenna, t o  near ly  3 m. 

Because of range s a f e t y  considerations,  t he  usable 

A summary of launch-vehicle requirements f o r  placing severa l  types of 
communications s a t e l l i t e s  i n t o  one or another of two prescr ibed o r b i t s  i s  
given i n  f igu re  13. The corresponding payload c a p a b i l i t i e s  of t h ree  d i f f e ren t  
launch vehicles  a r e  indicated i n  the  f i g u r e .  I n  t h e  case of the  Ti tan I I I C ,  
launch from the  Pac i f i c  Missile Range w a s  assumed, with no r e s t r i c t i o n s  on the  
launch azimuth; f o r  t he  other two vehicles ,  a dog-leg maneuver en ta i l i ng  a 
yawing of t he  second s tage w a s  assumed t o  take  i n t o  account a r e s t r i c t i o n  t o  
160° i n  launch azimuth required a t  the  A t l a n t i c  Missi le  Range. 

DISCUSSION OF RESULTS 

In  the  foregoing sect ions,  some of t h e  major problems associated with t h e  
implementation of t he  concept of an o rb i t i ng  deep-space communications s t a t i o n  
were examined. 
the  concept, a hypothet ical  appl ica t ion  of t h e  s t a t i o n  w a s  made t o  a t y p i c a l  
manned exploration mission t o  Mars. 

To provide a r e a l i s t i c  bas i s  f o r  assessing the  f e a s i b i l i t y  of 

The s e l e c t i o n  of an o r b i t  f o r  t h e  communications s a t e l l i t e  w a s  guided by 
the  average r a t e  of change of the  l i n e  of s igh t  t o  t h e  spacecraf t  during the  
major port ion of t he  mission (0.5°/day). 
o r b i t a l  l i n e  of nodes of t h e  same value, a combination of an a l t i t u d e  of 
1300 hn and an o r b i t a l  i n c l i n a t i o n  of 95.4' w a s  found t o  avoid occul ta t ion by 
a small margin. I n  the  case of the  unmanned t ransmi t te r - re lay  s t a t i o n  u t i l i z -  
ing ion engines, t he  weight penal ty  f o r  making the  plane change of 2.5' w a s  
more than o f f s e t  by the  increase i n  payload capaci ty  of t he  launch vehicle  for 
t he  o r b i t a l  a l t i t u d e  of 1080 km r a the r  than f o r  1300 km. Further t r i a l s  pos- 
s i b l y  could produce o r b i t s  somewhat more advantageous from the  weight 
standpoint . 

With a r a t e  of precession of the  

The r e l a t i v e  magnitudes of component weights l i s t e d  i n  t a b l e  I f o r  both 
manned and unmanned communications s a t e l l i t e s  tend t o  ind ica te  study areas  i n  
which more e f f o r t  would be most usefu l .  
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One major item of weight, p a r t i c u l a r l y  i n  t h e  unmanned systems, i s  t h e  
l a rge  antenna of t h e  al l -metal  fo ldable  type .  Other poss ib le  methods of con- 
s t r u c t i o n  were examined and appeared t o  o f f e r  lower weight and smaller pack- 
aged s ize ;  however, t h e  achievement of s u f f i c i e n t  accuracy of construct ion t o  
assure  the  required gain of l a rge  antennas remains t o  be demonstrated with 
such methods. 

For t h e  t ransmi t te r - re lay  s t a t i o n ,  the  weight of the l a rge  power supply 
cons t i t u t e s  a s i zab le  f r a c t i o n  of t h e  t o t a l  weight. 
l5O kW, a nuclear  r eac to r  would presumably be required with a r e s u l t a n t  need 
f o r  shadow sh ie lds .  Provision should be made for shut t ing  down t h e  r eac to r  
during maintenance v i s i t s  by technicians and for subsequent restart .  

To f u r n i s h  approximately 

The combined weights of propel lan ts  f o r  a t t i t u d e  con t ro l  and for t h e  
o r b i t a l  plane change are a l s o  qu i t e  l a rge  if  chemical rocket engines are used. 
A capab i l i t y  f o r  thousands of restarts would have t o  be developed f o r  s m a l l  
chemical rockets  intended f o r  a t t i t u d e  con t ro l  f o r  long periods of time. The 
use of other methods such as cold-gas j e t s  would increase t h e  weight required 
f o r  propel lants  and tankage many t i m e s  over t h a t  required with t h e  chemical 
rockets .  On t h e  other  hand, i n  t h e  case of t h e  t ransmi t te r - re lay  s t a t i o n  f o r  
which a l a rge  power supply i s  e s sen t i a l ,  t h e  use of ion engines of high spe- 
c i f i c  impulse could reduce t h e  weight of propei lants  needed f o r  a t t i t u d e  con- 
t r o l  by a f a c t o r  of 20 or more i n  comparison with t h e  chemical system. 
Similar  savings i n  propel lants  used f o r  o r b i t a l  maneuvers could be e f fec ted ,  
as shown i n  t a b l e  I. 

Several  other  weights, such as that of t h e  equipment module and the 
aerodynamic shroud, are f a i r l y  w e l l  determined by t h e  s i z e  of t h e  antenna and 
volume requirements of equipment, and i n  some cases by t h e  launch vehic le  t o  
be used. 

The t o t a l  o r b i t a l  weights of t h e  simple r e l a y  and t h e  t r ansmi t t e r  r e l a y  
a r e  shown in f igu re  l 3 ( a ) .  
and all s t a t i o n s  a r e  considered t o  be equipped with main antennas 26 m i n  
diameter.  

Orb i t a l  a l t i t u d e s  of 1080 and 1300 km a r e  assumed, 

For comparison, t he  corresponding payload c a p a b i l i t i e s  of t h r e e  launch 
vehicles  a r e  ind ica ted  i n  t h e  f i g u r e .  Although it i s  noted t h a t  t h e  simple 
r e l a y  vehicle  i s  within t h e  launch capab i l i t y  of t he  Ti tan  I I I C  a t  e i t h e r  
a l t i t u d e ,  t h e  diameter of t h e  launch vehicle  i s  t o o  small t o  accommodate t h e  
assumed a l l -meta l  fo ldable  antenna. A smaller antenna would be required t o  be 
compatible with t h e  launch vehicle ,  and/or a d i f f e r e n t  type of construct ion 
which would permit smaller packaging f o r  launch would have t o  be used. The 
unmanned t ransmi t te r - re lay  s t a t i o n  i n  t h e  lower of t h e  two o r b i t s  might possi-  
b l y  be placed i n t o  o r b i t  by a Saturn I B  vehic le  i f  ion engines could be used 
f o r  t h e  plane change of 2.5' and for a t t i t u d e  cont ro l .  

Figure l 3 ( a )  ind ica tes  t h a t  t h e  o r b i t a l  weights of t h e  unmanned 
t ransmi t te r - re lay  communications s a t e l l i t e  are only s l i g h t l y  grea te r  than t h e  
payload c a p a b i l i t i e s  of t h e  Saturn I B  and of t h e  Ti tan  I I I C ;  inasmuch as the re  
a r e  d i s t i n c t  advantages i n  having a capab i l i t y  f o r  transmission i n  the  subject  
communications s t a t i o n ,  e f f o r t s  t o  reduce t h e  weights by one means or another 



appear worthwhile. I n  making estimates of weights throughout t h i s  study, a 
conservative approach w a s  adopted. Further  considerat ion of some of t h e  prob- 
lems involved i n  designing various components might l ead  t o  more confident and 
somewhat lower estimates. I n  any case,  one obvious way t o  reduce t h e  o r b i t a l  
weight of t h e  o r b i t i n g  t ransmi t te r - re lay  s t a t i o n  i s  t o  accept a smaller antenna 
even though some l o s s  i n  performance might be sustained.  If a corresponding 
increase  i n  operat ing frequency could accompany t h e  reduct ion i n  antenna diam- 
e t e r  so a s  e s s e n t i a l l y  t o  preserve t h e  o r i g i n a l  gain and beam width of t h e  
antenna, then no performance would be l o s t .  Other f a c t o r s ,  such as search, 
acqu i s i t i on ,  and t racking ,  would need t o  be considered i n  a given s i t u a t i o n .  
For t h e  present ,  t h e  e f f e c t  of s u b s t i t u t i n g  an  antenna one-half as l a rge  on 
t o t a l  weight i n  o r b i t  w a s  inves t iga ted  without presuming any increase i n  fre- 
quency o r  power. 
a l l  unmanned communication s t a t i o n s  with t h e  smaller  antenna a r e  shown t o  be  
w e l l  within the  launch c a p a b i l i t i e s  of t h e  Saturn I B  o r  t h e  Ti tan  I I I C  vehi- 
c l e s  a t  e i t h e r  o r b i t a l  a l t i t u d e .  

The r e s u l t s  a r e  given i n  f i g u r e  l 3 ( b ) .  The t o t a l  weights of 

CONCLUDING RFIMRKS 

The object ives  of t h e  present s tudy were ( a )  t o  point  out p o t e n t i a l  
advantages of using an o rb i t i ng  deep-space communications s t a t i o n  pr imari ly  
f o r  continuously t racking  and monitoring spacecraf t  engaged i n  in t e rp l ane ta ry  
missions; ( b )  t o  assess t h e  f e a s i b i l i t y  of t h e  concept; and ( e )  t o  def ine 
problem areas i n  which f u r t h e r  research and development would be necessary or  
p a r t i c u l a r l y  advantageous. 

F i r s t ,  t h e  advantages found t o  be worth considerat ion are: 

The a b i l i t y  of a s ing le  o rb i t i ng  s a t e l l i t e  t o  maintain continuous 
communications with an in t e rp l ane ta ry  spacecraf t  i n  cont ras t  t o  
t h e  requirement of mult iple  ( 3  or  more) ground-based s t a t i o n s  f o r  
t h i s  purpose. 

Advantages r e s u l t i n g  from t h e  use of communications frequencies 
higher  than those ava i lab le  t o  ground-based s t a t i o n s  subject  t o  
atmospheric a t tenuat ion;  these  advantages can r e s u l t  i n  g rea t e r  
information rates and/or reduct ions i n  s i z e  and weight of comuni- 
ca t ion  equipment and of power suppl ies  on board in t e rp l ane ta ry  
spacecraf t .  

The enabling of concurrent deep-space missions t o  be ca r r i ed  out 
with g r e a t e r  assurance of continuous t racking  and monitoring by 
two independent communications systems, one i n  Earth o rb i t ,  t h e  
other  t h e  ground-based DSIF network. 

The capab i l i t y  t o  perform other  u se fu l  funct ions i n  which 
uninterrupted observations are p a r t i c u l a r l y  advantageous; examples 
are observation of ga l ac t i c  r ad io  sources over a r e l a t i v e l y  wide 
spectrum of frequencies;  a search f o r  g a l a c t i c  in te l l igence ;  use 
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as a navigat ion beacon f o r  spacecraf t  re turn ing  t o  Earth from deep 
space; and use as a c a l i b r a t i o n  device f o r  ground-based antennas. 

See ondly, no insurmount ab l e  problems , e lec t ron ic  , o r b i t  a1 , s t ruc tu ra l ,  
l o g i s t i c a l ,  o r  of other  nature ,  were found t o  preclude t h e  securing of t h e  
c i t e d  bene f i t s  and advantages of an o rb i t i ng  r ad io  communications s t a t i o n .  

F ina l ly ,  although it i s  concluded t h a t  no technological  break-throughs 
are required t o  develop an opera t iona l  o rb i t i ng  r a d i o  s t a t i o n  of one or  
another of t h e  types described i n  t h i s  study, a number of problems .were found 
t o  w a r r a n t  f u r t h e r  s tudy and experimentation. Included among these  are t h e  
following: 

( a )  Construction and packaging - of l ightweight ,  hi.gh-gain antennas f o r  
use - in  Ear th  b r b i t  . 
of antennas as l a rge  as 26 m i n  diameter and of an al l -metal  fo ld-  
out type of construct ion cons t i t u t e s  over one-half of t he  o r b i t a l  
weight of an unmanned r e l a y  s t a t i o n  and more than one-third of t h e  
weight of an unmanned t r ansmi t t e r - r e l ay  s t a t i o n .  I n  addi t ion,  
means must be found f o r  reducing t h e  minimum diameter of t h e  
folded antenna i n  i t s  launch configurat ion t o  adapt it t o  t h e  
dimensions of c e r t a i n  launch vehic les  ( e .g . ,  t h e  Ti tan  I I I C )  which 
otherwise could i n  some instances place an unmanned s t a t i o n  i n t o  
o r b i t .  The p o s s i b i l i t y  of reducing weight and package volume of 
high-gain antennas by other  methods of construct ion should be 
explored, s ince  t h e  p o t e n t i a l  bene f i t s  a r e  l a r g e .  I n f l a t a b l e  
s t ruc tu res  may be t h e  answer. 

The present study ind ica t e s  t h a t  t h e  weight 

( b )  Communications opt imizat ion.  A thorough study of t h e  
communications problems c h a r a c t e r i s t i c  of an o rb i t i ng  antenna 
designed t o  t r a c k  and c o k u n i c a t e  with another antenna i n  deep 
space should be made t o  determine t h e  most advantageous combina- 
t i o n s  of communications frequencies and s i z e s  of both antennas 
within t h e  1 imi ta t ions  imposed by t racking  c a p a b i l i t i e s ,  by 
antenna s t r u c t u r a l  problems, by a v a i l a b i l i t y  or  s u i t a b i l i t y  of key 
e l ec t ron ic  components, and by other  cons t r a in t s .  I n  the  present 
context,  "most advantageous" combinations a r e  considered t o  be 
those which w i l l  maximize t h e  r a t i o  of information r a t e  t o  the  
in t e rp l ane ta ry  spacecraf t  on-board weight assoc ia ted  with t r ans -  
mission of da ta .  For other  uses of t h e  s t a t ions ,  such as observa- 
t i o n  of g a l a c t i c  r ad io  sources, other  c r i t e r i a  would be used t o  
obtain t h e  g r e a t e s t  advantage. 

At t i tude  con t ro l  over - long periods of t i m e .  The use of cold-gas 
j e t s  over periods as long as 6 months f o r  a t t i t u d e  con t ro l  of com- 
munications s a t e l l i t e s  of t h e  types considered here  would requi re  
la rge  weights of gas and associated tankage. This weight penalty 
could be reduced i f  small chemical rockets  could be used. Such 
engines would have t o  be capable of thousands of restarts t o  be 
use fu l  i n  t h i s  appl ica t ion .  Development of engines with t h i s  
capab i l i t y  would be of most benef i t  i n  t h e  case of t h e  simple 
r e l a y  s t a t i o n .  I n  t h e  case of t h e  more use fu l  t r ansmi t t e r - r e l ay  

( e )  
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communications s a t e l l i t e ,  f o r  which a l a rge  power supply i s  a 
requirement, t h e  use of low-thrust ion engines cur ren t ly  being 
developed could reduce propellant-weight requirements f o r  a t t i t u d e  
cont ro l  t o  l e s s  than 5 percent of those  based on t h e  use of chemi- 
c a l  engines. Problems assoc ia ted  with t h e  use of ion t h r u s t o r s  f o r  
t h i s  purpose would no doubt requi re  a t t e n t i o n .  
deserving study i s  t h e  minimization of gravi ty-gradient  torques by 
proper design of t h e  orb i t ing  r a d i o  s t a t i o n .  

Another problem 

Large power suppl ies  for-extended - use.  The inclusion of a 
c a p a b i l i t y  of t&-mr&sion of voice communications t o  manned in t e r -  
planetary-  spacecraf t  or  of command s igna l s  t o  d i s t a n t  unmanned 
i n t e r p l a n e t a r y  probes appears d e s i r a b l e .  I n  t h i s  case a power 
supply capable of producing a maximum output of about l5O kW i s  
l i k e l y  t o  be required t o  meet t h e  probable extreme needs (voice 
communication over a dis tance of about 10 A.U. . Current develop- 
ment of nuclear power sources f o r  space appl icat ions could proba- 
b l y  be continued t o  produce a power source of t he  r e q u i s i t e  l e v e l  
and su i t ab le  spec i f i c  power for t h e  present ly  conceived purpose. 
The a v a i l a b i l i t y  of a la rge  power source could made t h e  use of ion 
engines p r a c t i c a l  not only f o r  a t t i t u d e  cont ro l  as mentioned ear -  
l i e r ,  but a l s o  f o r  o r b i t a l  maneuvers which a r e  required between 
and perhaps during in te rp lane tary  missions.  

( e )  O r b i t  se lect ion.-  Although communications s a t e l l i t e  o r b i t s  
su i t ab le  f o r  the  appl ica t ion  t o  an example manned Mars mission 
were found i n  the  present study, no attempt w a s  made t o  insure 
t h a t  t h e  o r b i t s  were optimal i n  t h e  sense t h a t  weight pena l t ies  
for r a d i a t i o n  shielding or f o r  o r b i t a l  maneuvers were l e a s t .  Also, 
other  in te rp lane tary  missions may requi re  s t a t i o n  o r b i t s  which 
involve more extensive o r b i t a l  changes or higher a l t i t u d e s  than 
t h e  example mission t o  Mars. Additional study i s  needed of s a t e l -  
l i t e  o r b i t s  and t h e i r  requirements f o r  a range of l i k e l y  missions, 
both manned and unmanned, throughout t h e  so l a r  system. 

National Aeronautics and Space Administration 
Moffett F i e ld ,  C a l i f . ,  Aug. 3 ,  1965 
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APPENDIX 

SYmOL DEFINITIONS 

C 

D 

f 

h 

h i  on 

hmin 

I 

I C  

l g  

i 

% 7  KR 

K-band 

2 

2 i  

P 

'T7 'R 

&-band 

R 

R, 

T 

W a  

X-band 

a c t u a l  areas of t r ansmi t t i ng  and receiving antennas 

speed of l i g h t  

diameter of t h e  antenna, m 

frequency 

o r b i t a l  a l t i t u d e  

assumed a l t i t u d e  of d i s tu rb ing  ionosphere 

minimum a l t i t u d e  a t  which occul ta t ion i s  avoided 

ob l iqu i ty  of t h e  e c l i p t i c  

moment of i n e r t i a  about e-axis,  sketch ( a )  

moment of i n e r t i a  about g-axis,  sketch ( a )  

i n c l i n a t i o n  of o r b i t  t o  equa to r i a l  plane 

t r ansmi t t i ng  and receiving antenna design constants  

10.9 - 36 GHz 

h e l i o c e n t r i c  longitude i n  t h e  e c l i p t i c  plane 

i n i t i a l  value of 2 

perpendicular t o  t h e  antenna o r b i t  

t ransmit ted and received power 

36 - 46 GHz 

dis tance between t r ansmi t t i ng  and receiving antenna 

radius  of Earth 

t i m e  a f t e r  launch of t h e  in t e rp l ane ta ry  spacecraf t  from Earth o r b i t  

weight of antenna s t r u c t u r e s  

5.2 - 10.9 GHZ 



I I l1ll11l11ll1l I I I 

6 

60 

rl 

cp 

R 

T 

angle t o  t h e  instantaneous l i n e  of s igh t  between t h e  center  of t h e  E a r t h  
and t h e  t a r g e t  vehicle  

value of 6 a t  t h e  in t e rcep t  of t h e  dot ted  l i n e  and t h e  6-axis on 
f igu re  3 

complement of angle of i n c l i n a t i o n  of antenna o r b i t  with respect  t o  t h e  
e c l i p t i c  plane 

t o t a l  look angle 

r a t e  of change of look angle 

angle by which t h e  l i n e  of s igh t  t o  t h e  vehicle  leads or lags  t h e  
perpendicular t o  the  antenna o rb i t  

r i g h t  ascension measured from the  verna l  equinox T i n  t he  equator ia l  
plane 

i n i t i a l  r i g h t  ascension of t h e  ascending node of t h e  antenna o rb i t  

r a t e  of precession of t he  l i n e  of nodes i n  t h e  equator ia l  plane 

first point of  Aries ( t h e  vernal  equinox) 

I 
. . . . . - 
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TABU I.- COMPOKENT WEIGHTS 

Receiver 
r e  l a y  

unmanned 

Antenna diameter i Transmitter-Receiver Relay 
Manned open cycle Manned p a r t i a l l y  

l i f e  support closed l i f e  support 

Antenna (al l -metal ,  

Equipment module 
f 0ld-oU.t ) 

I Manned l iv ing  module 
Li fe  support and thermal 

c ont r ol 
Crew - 4 men 
Att i tude - t racking i n e r t i a l  

E l e c t r i c a l  power 
system 

1 Communications 

140 140 290 290 
110 2520 2710 2710 
180 ' 9 10 950 I 950 

Rendezvous and 
~ docking system 110 110 140 140 

~ ~ ~~ 

Antenna launch windshield 2270 22 70 2270 2270 
Booster attachment 140 160 180 180 
Shielding 1080 km 0 0 18,600 f o r  18,600 f o r  

90 days 90 days 

90 days 90 days 
Shielding 1300 km 0 0 68,800 f o r  68,800 f o r  

Propel lants  f o r  chemical- 

Propel lants  f o r  e l e c t r i c a l  
t h r u s t  1080 Inn 1060 1750 7860 7090 

110 500 450 t h r u s t  1080 km 
~~ 

Propel lants  f o r  chemical 

Propel lants  f o r  e l e c t r i c a l  
2 15 355 3530 3370 t h r u s t  1300 km 

t h r u s t  1300 km 
1 2 165 15 8 
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Figure 1. - Geometry f o r  o r b i t  s e l e c t i o n .  

Perpendicular t o ’  
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stay 

(a) Earth to Mars. 

(b) Mars to Earth. 

Figure 2.- Typical trajectories for 1980 manned Mars mission 
with 27-day staytime. 
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Figure 3.- Variation of Earth-vehicle line-of-sight angle with trip time. 
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Figure 4.- Rate of precession for circular satellite orbits. 
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Figure 5 . -  History of look angle, 8 ,  during example mission. 
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Figure 6 . -  History of r a t e  of change of look angle, 6 ,  during example mission. 



I 

(a) Orb i t  a l t i t u d e  = 1080 km; o r b i t  i n c l i n a t i o n  = 95'. 

( b )  Orbit a l t i t u d e  = 1300 kin; o r b i t  i n c l i n a t i o n  = 95.4'. 

, , , ,  / , , ,  

14 ii 

( c )  Orbi t  a l t i t u d e  = 1080 km; o r b i t  i n c l i n a t i o n  = i n i t i a l  9 3 O ,  f i n a l  9 5 . 5 O .  

Figure  7.- Minimum a l t i t u d e  t o  avoid  o c c u l t a t i o n  by E a r t h  and i t s  ionosphere 
dur ing  example mission.  
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Figure 8.- All-metal fold-out antenna (folded). 
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Figure 9.- Antenna weights. 
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Figure 10.- Communications vehicles 
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(b) Receiver-relay configuration, operational. 

Figure 10.- Continued. 
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Rend e,z vo us 

(e) Transmitter and receiver-relay configuration, operational. 

Figure 10. - Concluded. 
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